Abstract An infrared camera (IR) has been put into operation in the Experimental Advanced Superconducting Tokamak (EAST), which is used to measure the temperature distribution on the surface of lower divertor target plates. With a finite difference method, the heat flux onto the divertor target plates is calculated from the surface temperature profile. The high confinement mode (H-mode) with type-III edge localized modes (ELMs) has been obtained with about 1 MW lower-hybrid wave power on the EAST in the autumn experiment in 2010. The analyzed H-mode discharges were lower single null X-point diverted discharges with a density range of < ne > (1 ∼ 4) × 10 19 m −3 . The surface temperature of the inner target plate increases with heating power. The peak temperature on the surface of target plates is lower than 200 o C with about 2.4 MW heating power. Comparison among the heat flux profiles occurring in different phases in the same discharge has been performed. It indicates that the heat flux profile obviously changes from the ohmic phase to the H-mode phase, and the full width at half maximum (FWHM) of the heat flux profile is the narrowest during the ELM-free H-phase. On the outer target plate, the peak heat flux exceeds 2 MW/m 2 during the ELMy H-mode phase, whereas it is only about 0.8 MW/m 2 during the ELM-free phase in the same discharge.
Introduction
Handling the high-heat flux depositing on the divertor target plates is an important issue for future reactorsize fusion devices, especially for ITER [1] . According to the present ITER design, the peak power flux on the divertor plate would be around 20 MW/m 2 , which is too high compared with the tolerable engineering limit of 5 MW/m 2 [2] . The excessive heat loads on the divertor target plates can result in melting and evaporation which can severely influence the lifetime of divertor target plates and reduce discharge performance. So, it is important to measure the temperature distribution on the surface of divertor target plates so as to calculate power loads on the plates.
Originally, incident power was obtained by measuring the temperature rise in passively-cooled plates using thermistors in DIVA and thermocouples in PDX and Doublet III. More recently, with the advent of active cooling for divertor plates, cooling water calorimetry has been developed in ASDEX Upgrade (AUG). Although such measurements have the disadvantage of being shot integrating, the advantage is easy feasibility of determining toroidal asymmetries. In contrast, more recently, the newly developed IR camera is able to give real-time temperature measurements [3] .
EAST is the first fully superconducting tokamak in the world with the capability of operating in single null, double null and limiter configurations [4∼6] . The IR camera was firstly used to observe the lower divertor target plates in the 2010 spring experiment. This paper presents the IR camera diagnostic system and the method of calculating the heat flux from measured surface temperature in EAST experiments. Recently, H-mode confinement has been obtained [7] with LHW heating up to about 1 MW. The temperature distribution of lower divertor target plates is directly obtained by IR cemara during the whole process of discharge. In this study, emphasis is laid on the dependence of observed peak temperature on input power and the comparison of FWHM of different heat flux profiles. When ELMs arrive, the peak heat flux increment on the outer target plate is markedly larger than that on the inner target plate. In order to measure temperature accurately, it is necessary to compensate for the effects of a number of object parameters, for example, emissivity, ambient temperature and distance etc. The most important parameter is the object emissivity which is calibrated by thermocouples embedded beneath the target plate during vessel baking. The associated data acquisition system allowed the array to be sampled at intervals throughout plasma pulses. Thus, an almost continuous thermal picture of the target could be obtained, from which a time-resolved evaluation could be derived for the power flux. Typical time resolution was 20 ms. The camera is covered with a soft iron box of a thickness of 0.3 cm to shield it from magnetic interference.
Diagnostic
In EAST, the IR camera was mounted on a tangential port A as shown in Fig. 1 . It views lower divertor target plates and part of the high field side which were made of graphite coated with 100 µm SiC. The spatial resolution is 6 mm/pixel at the inner divertor target and 5.7 mm/pixel at the outer one. The heat flux is calculated from temperature distribution, in which toroidal symmetry is assumed. A basic description of the method is presented here, and more details can be found in Ref. [8] . The surface temperature is converted to heat flux using the two dimensional finite difference method, in which the boundary conditions are taken into account. A heat transmission coefficient α [9] which considers a poorly adhered layer on the divertor surface including a co-deposited impurity and SiC film was adopted in this calculation. The heat transmission was represented by the α value. The use of α has a large impact on the peak heat flux [10] . In order to get reasonable heat flux results, a simple criteria was applied to choose an appropriate α value, which will keep the energy deposition constant after discharge. The heat flux during long pulse discharges can be calculated in the same way. The value of the power is obtained by the integration of the heat flux over the entire surface area of the plates. The value of energy deposition is obtained by integration of power over the duration of the discharge. 
Results
The temperature distribution and heat flux on the EAST divertor target plates are measured. The discharges under study are lower single-null diverted Hmode discharges with a current flat top. In EAST, a positive sign of the magnetic field B t corresponds to an ion grad-B drift towards the lower diverter target plates.
Temperature and heat flux profiles
A typical example of the surface temperature distribution on the surface of the inner target plate is shown in Fig. 3(a) . It reveals that the peak temperature is not more than 200 o C during the whole discharge. Fig. 3(a) shows that the high temperature mostly distributes in the location around the range of 0.03 ∼ 0.08 m. Fig. 3(b) represents a typical 3D power density profile inferred from the temperature distribution shown in Fig. 3(a) . The heat flux distribution, broadened with time, can avoid local overheating to some extent. However, the peak heat load was still concentrated on the local area of the plate.
By comparing distinctive features of the tile's surface seen on IR images and the heat flux profile, correspondence has been established between certain hot bands detected by the camera and some areas on the tiles' surface which exhibit signs of intense plasma-wall interaction. The behavior of the power and energy deposition was investigated for various types and different phases of discharge, such as ELMs. Typical data from a EAST H-mode discharge with about 1 MW of LHW (I p = 630 kA, B T = 2 T) and about 750 kW of ICRF are shown in Fig. 4 . H-mode onset occurs approximately 2.5 s after the start of the LHW. H-mode is characterized by a drop in divertor region Hα emission and heat load on divertor target plate, coupled with a rapid rise in plasma density and stored energy. In Fig. 4(a) , panel 2 shows the total auxiliary heating power, including the LHW and ICRF power. Note that the LHW power was added into most of this discharge from about 1.5 s to 8.5 s to extend the plasma current flattop. ICRF power was applied after H-mode phase. In Fig. 4(a) , panel 6 shows that peak temperature on the surface of the inner target plate dropped after the L-H transition and rose slightly when ELMs last a short time, however, it rose by over 40 o C during the ICRF heating. Panel 7 shows a drop of heat flux on the inner target plate at the start of the H-mode, which is consistent with the change of Hα. It is observed that the peak heat flux increases to 1.5 MW/m 2 with 2.4 MW heating power during the whole discharge. In Fig. 4(a) panels 3, 4 and 5 show the time evolutions of stored energy, total radiation power loss measured by a bolometer and Hα emission. The radiation power increased steadily during the H-mode phase even when ELMs occur, which is in disagreement with Hα. This rise may have resulted from the increase of T e and n e rather than from impurity concentrations. In addition, we also investigated the remarkable increase in peak temperature with heating power, as seen from Fig. 4 . The graph section indicated by blue borders in Fig. 4(a) is amplified in Fig. 4(b) . Fig.4 (a) Discharge characteristics of shot 32924 in EAST: the time evolutions of peak temperature and peak heat load. The working gas in this discharge was deuterium, and the data are taken from #32924, (b) The graph section is indicated by the blue borders in (a) (color online)
The effect of H-mode confinement on the heat flux profile on the target plate is shown in Fig. 5 , which displays the time history of the total power on the inner target (a), and profiles of the heat flux at the time corresponding to the phases of OH (1840 ms), L (3340 ms), ELM-free H (4080 ms), and the L-mode phase with LHW and ICRF heating power (4780 ms) of the discharge (b). It is observed that on the target plate the profile peaks within 1 ∼ 3 cm of the target location and around the magnetic inner strike point derived from equilibrium analysis using the EFIT code. Fig.5 shows that the power level is rather low and the heat flux profile is much broadened during the OH phase. After the start of LHW heating, the L-mode power increases sharply as the heat flux profile peaks up. During the ELM-free H-phase, the power load drops, but the heat flux profile becomes narrower and the FWHM of the heat flux profile is 0.016 m in this case. At about 4.24 s, the power load has a rapid increase due to ELMs, about 17% of power load on the inner target. After the H-L transition, ICRH heating was applied for about 3 s. The heat flux during LHW and ICRF heating is obviously increased and the profile broadens compared with the prior L-mode (FWHM is 0.018 m). The location change of the peak heat flux results primarily from the movement of the strike point. A characteristic feature of the H-mode is that confinement is punctuated due to ELMs. In the EAST, type-III edge localized modes (ELMs) were observed: with a high repetition rate and small amplitude bursts ('grassy' ELMs). A significant fraction of the heating power lost during ELMs is deposited on the divertor tiles. Because of a low time resolution (20 ms), the details about the heat flux profile of an ELM (about several ms) can not be investigated here. In Fig. 6 (a) the heat flux profile on the inner and outer divertor target is shown for #32924 prior to and during the ELMs event. Here the value of the heat flux during the ELMs is an average value because the time resolution of the PM595 IR camera is only 20 ms. It is observed that during the ELMy H-mode phase, the peak heat flux increases both on the inner and outer targets, but the increase on the outer target is more significant. The profile shape has not changed significantly on the inner and outer target. On the outer target, the width of heat flux profile during the ELMy H-mode phase is broader than that of heat flux profile during the ELM free Hmode phase. The result is inverse on the inner target. During the ELMs event, the maximum heat flux onto the outer target reaches a value of about 2.5 MW/m 2 , whereas the maximum heat flux on the inner target is only about 1 MW/m 2 . It reveals that ELMs have a greater effect on the outer target than on the inner target, which may be the result of ion drifting towards the lower diverter plates. As shown in Fig. 6(b) , the probe data including the ion saturation current density have a similar result. It is observed that the ion flux onto the outer is much higher than that onto the inner. 
Conclusions
IR images of this paper clearly showed non-uniform temperature and heat flux distributions on the surface of the divertor target plates, which are mostly concentrated around the strike point. The peak temperature increases with heating power. A time resolution of about 20 ms for the IR camera diagnostic is not enough for the investigation of short time events such as ELMS and disruptions, so the details of an ELM cannot be studied. However, from the IR result, the average heat flux during ELMs is evidently larger than that of ELMsfree. On the outer target, the peak heat flux density exceeds 2 MW/m 2 during the ELMy H-mode, whereas it is only about 0.8 MW/m 2 during the ELM-free phase. From Fig. 6 , it is observed that the ELMs have a larger impact on the outer target than on the inner target, which may be the result of ion drifting towards the lower diverter target plates. Comparison among the heat flux profiles occurring in different phases in the same discharge shows that the width of heat flux profile during the ELM-free phase is the narrowest, which is similar to the result of the DIII-D [11] . The highest peak heat flux was not associated with a narrow profile, which is different from the result of the NSTX [12] . More investigations are needed for establishing correlations between FWHM and peak heat flux.
